The role of developmental transcription factors in maintenance of neuronal properties and in disease remains poorly understood. Lmx1a and Lmx1b are key transcription factors required for the early specification of ventral midbrain dopamine (mDA) neurons. Here we show that conditional ablation of Lmx1a and Lmx1b after mDA neuron specification resulted in abnormalities that show striking resemblance to early cellular abnormalities seen in Parkinson's disease. We found that Lmx1b was required for the normal execution of the autophagic-lysosomal pathway and for the integrity of dopaminergic nerve terminals and long-term mDA neuronal survival. Notably, human LMX1B expression was decreased in mDA neurons in brain tissue affected by Parkinson's disease. Thus, these results reveal a sustained and essential requirement of Lmx1b for the function of midbrain mDA neurons and suggest that its dysfunction is associated with Parkinson's disease pathogenesis.
a r t I C l e S mDA neurons constitute the main dopaminergic cell population in the CNS 1 . Degeneration of these cells in the substantia nigra pars compacta is a characteristic feature of Parkinson's disease (PD), one of the most common neurological disorders. PD is characterized by the appearance of α-synuclein-containing Lewy bodies in mDA neurons and other neurons of the brain and by a progressive pathology that ultimately leads to neuron death. Early pathology, such as reduced striatal dopamine (DA), diminished expression of several mDA neuronspecific proteins and abnormal accumulation of α-synuclein and other proteins, is believed to occur long before neurons actually die 2 . Thus, understanding disrupted protein-degradation pathways and maintenance of mDA neuron-specific properties at early stages of disease progression will be essential in elucidating critical cell pathological events.
Developmental transcription factors that are responsible for the acquisition of differentiated neuron characteristics are in many cases also expressed in adult neurons, raising questions as to how they contribute to the active maintenance of neuronal identities 3, 4 . Notably, ablation of the transcription factor gene encoding Nurr1 in adult mDA neurons leads to a phenotype that shows striking resemblance to early features of PD, including reduced striatal DA, degeneration of target innervation and diminished expression of nuclearly encoded mitochondrial genes 5 . The transcription factors Foxa1 and Foxa2 are important for maintained Nurr1 (Nr4a2) expression in mDA neurons, and conditional ablation of these two factors in maturing mDA neurons results in abnormalities that are similar to those observed in Nurr1 conditional knockout mice 6 . In addition, the transcription factor Otx2 has been shown to be important for the maintenance of mDA neuron subtype-specific characteristics in the ventral tegmental area (VTA) 7 . The function of developmental transcription factors may thus be linked to PD, a conclusion that is supported by genome-wide association studies indicating that genetic variants of human transcription factors, including LMX1A and LMX1B, may contribute to PD [8] [9] [10] [11] [12] [13] .
Lmx1a and Lmx1b are two highly related LIM homeodomain transcription factors that are essential in developing mDA neurons 14, 15 . Lmx1a and Lmx1b are first expressed in ventral midbrain proliferating neural progenitor cells, where they specify uncommitted neural stem cells into cells that eventually differentiate into mDA neurons 16 . Combined null mutations in both, but not in the individual, genes result in disrupted Wnt1 signaling, decreased progenitor cell proliferation and decreased neurogenesis, leading to essentially abolished generation of mDA neurons 14, 15 . Their central role in cell specification has also been demonstrated by the robust generation of mDA neurons in vitro after forced expression of Lmx1a in both mouse and human pluripotent stem cells, results that are of potential relevance in cell replacement in PD [16] [17] [18] [19] . In normal development, Lmx1a and Lmx1b continue to be expressed in postmitotic differentiating mDA neurons [20] [21] [22] . However, their function after specifying dividing neural progenitors remains unknown.
Here we assessed the function of Lmx1a and Lmx1b (referred to as Lmx1a/b) in maturing and adult mDA neurons by analyzing the consequences of mDA neuron-specific ablation in conditional knockout mice. Our findings link the function of Lmx1b to a r t I C l e S mechanisms that are central for cellular homeostasis and that are tightly linked to the onset of PD pathology.
RESULTS

Lmx1a and Lmx1b expression in postmitotic mDA neurons
We first investigated how Lmx1a/b are expressed in postmitotic neurons in both rodents and humans. Coronal mouse midbrain sections from mice ranging from embryonic day (E) 15.5 to 20 months old were analyzed by in situ hybridization. An overlapping expression of both genes coinciding with tyrosine hydroxylase (Th) mRNA expression was evident (Fig. 1a) , but the temporal dynamics of expression differed between the two genes. While Lmx1b continued to be strongly expressed at all stages, Lmx1a expression decreased rapidly at postnatal stages and was barely detectable at 6 months and undetectable at 20 months. We confirmed the expression pattern by real-time quantitative PCR (RT-qPCR) from dissected ventral midbrain tissue (Fig. 1b) . Thus, a high level of expression of Lmx1b, but not Lmx1a, is retained in adult neurons in mice.
LMX1B was also expressed in human postmitotic neuromelanincontaining mDA neurons (Fig. 1c) . Consistent with results in mouse, expression of LMX1A was not detected (Supplementary Fig. 1 ). To investigate whether the expression level of LMX1B may be altered in PD, we analyzed expression in postmortem PD brain samples and compared them to age-matched controls ( Fig. 1c and Supplementary  Table 1 ). In line with the possibility that deregulated transcription factor function may contribute to PD pathology, we observed decreased LMX1B expression in mDA neurons from postmortem PD brain samples (Fig. 1d) . Thus, these observations in rodents and humans emphasize the importance of analyzing the roles of Lmx1a/b at stages following mDA neuron specification.
Behavioral and histological changes after loss of Lmx1a/b Given the close structural relationship between Lmx1a and Lmx1b and the functional redundancy seen in mDA neuron specification 14, 15 , we initially focused on the consequences of combined genetic ablation of Lmx1a and Lmx1b at stages following mDA neuron specification. Thus, we developed an animal model for Lmx1a/b conditional deficiency in postmitotic mDA neurons by crossing mouse strains that were double homozygous for loxP-flanked ('floxed') alleles of Lmx1a and Lmx1b with heterozygous mice expressing Cre recombinase Fig. 1 ).
Next we analyzed adult (6-month-old) or aged (18-month-old) cLmx1a/b Ctrl and cLmx1a/b DatCre animals in a battery of behavioral tests. A significant impairment in motor coordination was evident in adult Lmx1a/b-ablated mice, as determined by the pole test, and in aged Lmx1a/b-ablated mice, as determined by either beam traversal or pole test (Fig. 2a,b ). An open field test showed a modest increase in locomotor activity in aged, but not in adult, cLmx1a/b DatCre animals, a behavior that has previously been seen after prenatal mDA neuron deficiency (see, for example, ref. 25) (Fig. 2c) . Notably, non-motor behaviors as well, such as social olfaction measured by the wooden block test, were impaired in adult and aged cLmx1a/b DatCre animals (Fig. 2d) . A cognitive test of novel object recognition showed memory impairment in adult cLmx1a/b DatCre relative to cLmx1a/b Ctrl animals. Aged animals from both genotypes displayed a very poor performance in this test (Fig. 2e) . No differences in performance were revealed in anxiety or depression-like tests (Supplementary Fig. 2) . Thus, Lmx1a/b ablation in mDA neurons is associated with significant behavioral abnormalities related to dysfunctional DA neurotransmission.
Unbiased stereological cell counting of TH-positive and THnegative Nissl-stained neurons in the ventral midbrain of young (2-month-old) and aged (18-month-old) mice indicated a significant and progressive loss of TH-positive neurons (Fig. 3a,b and Supplementary  Fig. 3) . Furthermore, ultrastructural analysis by electron microscopy demonstrated frequent examples of degenerating TH-positive neurons in young cLmx1a/b DatCre but not in controls ( Fig. 3c ; 11% ± 4% degenerating cells in cLmx1a/b DatCre mice versus 0% in cLmx1a/b Ctrl mice, n = 70 cells in 2 animals per genotype).
We quantified TH-and DAT-immunopositive nerve terminals by densitometry in the mDA neuron target area in the dorsal and ventral striatum. We noted a significant reduction in TH within both dorsal and ventral striatum in young and aged Lmx1a/b-ablated animals (Fig. 3d,e) . DAT expression was also affected, but with a slower progression, showing only modest reduction in young mice but a significant reduction in aged mice (Fig. 3e) . The reduced striatal expression of TH and DAT appears to be the consequence of Lmx1b ablation, as we noted a similar reduction in these proteins from histological analysis performed on single cLmx1b DatCre , but not cLmx1a DatCre , animals ( Supplementary Fig. 3) .
We used high-pressure liquid chromatography (HPLC) of brain tissue extracts to determine the content of DA and the DA metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) in different brain areas. DA and its metabolites were significantly reduced in brain areas such as prefrontal cortex, hippocampus, dorsal striatum and nucleus accumbens in cLmx1a/b DatCre mice as compared to controls (Fig. 3f) . These areas are innervated by mDA neuron axons originating in both the substantia nigra and the VTA, areas in which DA and metabolites were also reduced ( Supplementary  Fig. 3 ). DA and metabolites were not reduced in other areas such as the olfactory bulb and the cerebellum (Supplementary Fig. 3 ).
Diminished striatal DA appears to be the consequence of perturbed Lmx1b function, as we observed reductions in single cLmx1b DatCre , but not cLmx1a DatCre , animals ( Supplementary Fig. 3 ).
Since mDA neuron innervation was impaired, we speculated that modulation of synaptic transmission might also be affected in Lmx1a/b-ablated animals. Because VTA mDA neurons projecting to the hippocampus form a functional loop 26 and because long-term potentiation (LTP) is a major model for assessing activity-dependent synaptic plasticity in the hippocampus 27 , we explored LTP in hippocampal slices from adult control and mutant mice. The data revealed normal basal synaptic transmission but an enhanced induced LTP of Shaffer collateral (SC)-CA1 pyramidal cell synapses in Lmx1a/b-ablated mice (Fig. 3g,h) Wooden block test (d; adult, P = 0.0392; old, P = 0.0001) reveals impaired social olfactory acuity. The investigatory index was calculated as the percentage of time spent with the wooden block scented with its own bedding minus the percentage of time spent with a block scented with bedding from another cage during a 2-min session. Novel object recognition test (e; P = 0.0474) reveals impaired short-term memory formation. The discrimination index was calculated as the cumulative time spent exploring both objects during the test session minus the difference between the exploratory times of the novel object (N) and the previously presented familiar object (F) respectively: (Time N + Time F ) − (Time N − Time F ). Adult mice were age 6-9 months and old mice 18-21 months. n = 8 or 9 cCtrl and 13 or 14 cDatCre young animals per group and n = 11-18 cCtrl and 13-18 cDatCre young animals per group; all data are represented as mean ± s.e.m.; an unpaired t-test was applied in a-d and one sample t-test in e, *P < 0.05, ***P < 0.0005. npg a r t I C l e S Separate analyses were performed on tissue extracts from prefrontal cortex (PFC; DA, P = 0.0058; DOPAC, P = 0.0026; HVA, P = 0.0031), hippocampus (Hip; DA, P = 1.0000; DOPAC, P = 0.0321; HVA, P = 0.0426), dorsal striatum (Striatum; DA, P = 0.0003; DOPAC, P = 0.0031; HVA, P = 0.0156) and nucleus accumbens (NAcc; DA, P = 0.0031; DOPAC, P = 0.0002; HVA, P = 0.0378). n = 10 cCtrl and 13 cDatCre animals. (g) Normal basal synaptic transmission as shown in the input-output curves obtained in the CA1 area following collateral stimulation in hippocampal slices from cCtrl and cDatCre adult mice (6 months old). (h) Representative traces and summary of long-term potentiation (LTP) experiments in cCtrl and cDatCre mice (left) and quantification of LTP induction and maintenance (right; induction, P = 0.0400; maintenance, P = 0.0022). n = 9 or 10 slices, 5 animals per genotype. All data are represented as mean ± s.e.m.; Mann-Whitney test; *P < 0.05, **P < 0.005, ***P < 0.0005.
Abnormal nerve terminals in Lmx1a/b-ablated mice
We next investigated the morphology of axonal terminals in young (3-month-old) Lmx1a/b-ablated animals. We used TH immunoperoxidase with 3,3′-diaminobenzidine to visualize mDA nerve terminals in the striatum (Fig. 4a,b) . Quantification revealed about 50% reduction in the density of TH-immunopositive profiles in Lmx1a/b-ablated mice (cLmx1a/b Ctrl : 17.49 ± 1.77; cLmx1a/b DatCre : 8.33 ± 1.14; mean ± s.e.m., n = 6 animals per genotype, MannWhitney test P < 0.005). Notably, we found abnormally large profiles that reached up to 22 µm in diameter frequently throughout the dorsal and ventral striatum in cLmx1a/b DatCre and cLmx1b DatCre mice, but not in cLmx1a DatCre mice, thus indicating that Lmx1b is essential to maintaining normal morphology and density of mDA nerve terminals ( Fig. 4a-c and Supplementary Fig. 3 ). Electron microscopy studies revealed that large TH-immunopositive profiles corresponded to abnormally enlarged nerve terminals ( Fig. 4d-h ). These enlarged presynaptic boutons, analyzed and quantified in serial ultrathin sections, displayed fewer synaptic vesicles at active zones (cLmx1a/b Ctrl : 49.80 ± 4.08 and cLmx1a/b DatCre : 16.90 ± 3.71, mean ± s.e.m., n = 5 active zones in 2 animals per genotype, Mann-Whitney test P < 0.0005) and were filled with vacuoles and multilamellar autophagic-lysosomal vesicles (ALVs) that in some instances In agreement with these observations, antibodies against Bassoon showed a 23% lower occurrence of synaptic active zones and poor overlap of staining with synaptic vesicle markers such as VMAT2 (Slc18a2) and synaptic membrane proteins such as DAT ( Supplementary Fig. 4 ). Together, these data clearly indicate that the synaptic morphology is disrupted in presynaptic mDA neuron terminals in Lmx1a/b-ablated mice.
Lmx1a/b ablation leads to early striatal pathology
To determine whether the observed striatal pathology occurred because of abnormal mDA neuron development or as an acute pathologic process resulting from Lmx1a/b ablation, we investigated the consequences of Lmx1a/b ablation in adult mDA neurons in double homozygous floxed mice also harboring a copy of the tamoxifen-inducible Cre (CreERT2) under the control of Slc6a3 (DAT) gene regulatory sequences (referred to as cLmx1a/b DatCreERT2 mice). We tamoxifen-treated animals at 4 weeks of age for 5 consecutive days and analyzed them at defined time points 5 . Double floxed (cLmx1a/b) animals lacking the DAT-CreERT2 allele and treated with tamoxifen were used as controls (cLmx1a/b Ctrl ).
We found large TH-immunopositive profiles in mature neurons 4 weeks after ablation in the striatum of cLmx1a/b DatCreERT2 and cLmx1b DatCreERT2 mice, but not in cLmx1a DatCreERT2 mice ( Supplementary Fig. 5 ). As was seen after Lmx1a/b ablation in embryonic postmitotic mDA neurons, electron microscopy analyses and quantifications in serial ultrathin sections confirmed that these abnormally enlarged nerve terminals displayed fewer synaptic vesicles at active zones and a dramatic increase in the number of ALVs (Fig. 5a-f and Supplementary Fig. 5 ). DA and metabolites were also clearly diminished after adult ablation in cLmx1a/b DatCreERT2 mice (Fig. 5g) . However, behavioral tests in mice 6 months after tamoxifen treatment showed a significant impairment only in the wooden block test (Fig. 5h and Supplementary Fig. 5 ). Striatal expression of DAT was significantly reduced in the ventral striatum 18 months after tamoxifen treatment. However, we noted no significant loss of TH and DAT expression in the dorsal striatum and no loss of THpositive cells at this time point in cLmx1a/b DatCreERT2 animals (Fig. 5i,j) . Thus, after ablation of Lmx1a/b in mature mDA neurons, a striking pathology that appears associated with autophagic-lysosomal pathway (ALP) impairment develops in striatal nerve terminals.
The ALP is impaired in Lmx1a/b-ablated mice The ALP is central for the degradation of defective proteins and organelles and is also essential in presynaptic mDA neuron function 28, 29 . The abnormal appearance of autophagic-lysosomal vesicles in mDA nerve terminals of Lmx1a/b-ablated mice suggested an abnormal ALP. We therefore analyzed levels of ALP components in western blots from striatal total protein extracts. Notably, proteins such as beclin1, p62, LC3BI, LC3BII, Lamp1, Lamp2 and cathepsin D were significantly decreased in cLmx1a/b DatCre and cLmx1a/b DatCreERT2 mice ( Fig. 6a and Supplementary Fig. 6 ).
No accumulation of autophagic-lysosomal vesicles was evident in substantia nigra cell bodies; however, the number of lipofuscin granules (LPGs), requiring normal lysosomal function for their formation, were significantly reduced in cLmx1a/b DatCre mice (Fig. 6) . In addition, we found electron-dense protein aggregates frequently in Lmx1a/b-ablated mice but never in control mice (Fig. 6c,d ). These observations are additional indications of where an unpaired t-test was applied; *P < 0.05, **P < 0.005.
lysosomal pathway dysfunction and suggest that protein degradation pathways are impaired in both distal and proximal regions of mDA neurons. We observed the most severe effects in nerve terminals, suggesting that the primary cellular abnormality originates in this cellular compartment. The ALP is negatively regulated by the mammalian target of rapamycin (mTOR) signaling pathway 30 . Thus, the mTOR inhibitor rapamycin increases expression of ALP components and stimulates lysosomal biogenesis, and has also been shown to attenuate mDA neurodegeneration in rodents 31 . To test whether rapamycin could compensate for Lmx1a/b deficiency, we injected rapamycin for 10 consecutive days in young (2-month-old) cLmx1a/b DatCre mice. mTOR phosphorylation levels and increased levels of ALPrelated proteins confirmed inhibition of mTOR activity (Fig. 6e,f and Supplementary Fig. 6 ). Rapamycin almost completely normalized the reduced striatal TH innervation (see Fig. 3 ) and significantly alleviated the occurrence of abnormally large TH-positive boutons in the striatum (Fig. 4) of cLmx1a/b DatCre mice (Fig. 6g,h) . Thus, these results strongly indicate that a deficient ALP contributes critically to the Lmx1a/b ablation phenotype and show that a functional ALP is important in maintaining proper mDA projections to the striatum.
Lmx1b-mediated transcriptional regulation of ALP As shown above (Supplementary Figs. 3 and 5) , Lmx1b but not Lmx1a ablation was responsible for the described phenotype. We investigated whether Lmx1b regulated ALP genes at the transcriptional level by RT-qPCR analysis of mRNA isolated from E14.5 ventral midbrain from control and cLmx1a/b DatCre animals, a time point soon after Lmx1a/b ablation. We observed a robust downregulation of ALP genes in ablated mice (Fig. 7a) . Moreover, transcription factors that are known to regulate ALP gene expression were also affected, including Ppargc1a and Tfeb, the latter encoding the transcription factor TFEB and reported to be a master regulator of several genes involved in lysosomal biogenesis (Fig. 7b) . In contrast, expression of key dopaminergic transcription factors was not affected in cLmx1a/b DatCre embryos, with the exception of Nurr1 (Supplementary Fig. 7) . Consistent with the reduced expression of Nurr1, we also observed a reduction in expression of Th, Slc6a3 and Slc18a2 (Supplementary Fig. 7) .
To further explore the ability of Lmx1b to regulate ALP gene expression, we used cultured primary neurons isolated from E13.5 mouse ventral midbrain in a gain-of-function experiment. Transduction of primary neurons with an Lmx1b lentiviral vector was followed by culturing for 6 d and analysis by immunofluorescence and RT-qPCR Supplementary Fig. 7) . Overexpression of Lmx1b led to increased expression of most ALP genes analyzed (Fig. 7c) . Reciprocally, and in accordance with observations in knockout embryos, downregulation of Lmx1b by using a lentiviral vector with a short hairpin RNA directed against Lmx1b (Supplementary Fig. 7 ) resulted in reduced expression of ALP genes (Fig. 7c) . Lentiviral overexpression of Lmx1a did not affect ALP genes (Supplementary Fig. 7) , again in accordance with our data showing that Lmx1b is the main contributor to the phenotype. In conclusion, both loss-and gain-of-function experiments provide strong indications that Lmx1b transcriptionally regulates ALP genes in developing and mature mDA neurons.
Axonal transport impairment is an early feature of neurodegeneration in PD, and transport deficit can contribute to axonal dystrophy (reviewed in ref. 45) . We therefore analyzed the expression of genes involved in microtubule-dependent transport (Map1b), dynein-dependent retrograde transport (Dync1h1, Dctn1), and kinesin-dependent anterograde transport (Kif1a, Klc1) by RT-qPCR. cLmx1a/b DatCre animals showed a significant reduction in the expression of such genes compared to cLmx1a/b Ctrl animals (Fig. 7d) .
The Lmx1b transcriptional regulation of these genes was confirmed by loss-and gain-of-function experiments in cultured mDA neurons (Fig. 7e) . Our data thus suggest that Lmx1b is essential for the maintenance of the ALP and intracellular transport homeostasis.
DISCUSSION
How neurons acquire their cell type-specific characteristics under development is well understood at the molecular level for several types of neurons. However, how neurons maintain their normal identities throughout the life of an animal has remained largely unclear, and it is therefore important to elucidate how developmental transcription factors such as Lmx1a and Lmx1b contribute to maintenance of specific neuronal traits 3, 4 . Understanding these mechanisms may also be important for elucidating functions that are linked to neurodegenerative and psychiatric disease. Indeed, maintenance of the normal identity of mDA neurons is likely to be important to the prevention of PD symptoms because specific mDA neuron characteristics apparently diminish in PD long before neurons actually die 5, 6, 24 . In addition, polymorphisms have been associated with PD in genes All data are represented as mean ± s.e.m.; ns, not significant; Mann-Whitney test *P < 0.05, **P < 0.005, ***P < 0.0005; one sample t-test # P ≤ 0.05. a r t I C l e S encoding mDA neuron lineage-specific transcription factors [8] [9] [10] [11] [12] [13] 32 , including LMX1A and LMX1B, and reduced levels of the NURR1 (NR4A2) and PITX3 mDA neuron transcription factor mRNAs have been noted in peripheral blood cells in PD patients 33, 34 .
If disrupted transcription factor function contributes to PD pathology, their conditional ablation in mDA neurons after the initial phase of mDA neuron specification should result in a PD-like pathology. Indeed, we now identify a critical role for Lmx1b in the maintenance of mDA neurons. In contrast, Lmx1a function appears dispensable. As shown here for Lmx1b, and previously for Nurr1 (ref. 5), both factors regulate genes encoding components for DA synthesis and neurotransmitter handling, including TH and DAT. The downregulation of this machinery is more drastic in Nurr1-as compared to Lmx1b-ablated mDA neurons. Since Nurr1 mRNA was downregulated in Lmx1b-ablated mice, the effects on neurotransmitter handling in these animals may be a consequence of the observed partial Nurr1 downregulation, as is likely in Foxa1 and Foxa2 conditional knockout animals 6 .
The regulatory role of Lmx1b extends beyond the classical mDA neuron markers, as Lmx1b is critical for the maintenance of normal autophagic-lysosomal and intracellular transport functions and thus for the prevention of pathology in mDA neurons. We speculate that the importance of Lmx1b in the regulation of ALP function reflects a specific requirement for this pathway in mDA neurons, a conclusion that is supported by previous data in PD and PD models indicating that disrupted ALP function contributes to disease 31, [35] [36] [37] . Analogously, not only typical mDA neuron identity markers but also nuclearly encoded mitochondrial genes were downregulated in Nurr1-ablated mDA neurons 5 . Thus, later functions of Lmx1b and Nurr1 are not a mere reflection of their key importance in establishing a gene expression profile characteristic of mDA neuron identity during development: they also act later to control central cellular homeostasis that must be under tight control to prevent the emergence of cellular pathology.
Several recent studies have emphasized the importance of the ALP in mDA neurons and its role in α-synuclein degradation (reviewed in ref. 38) . Notably, ALP components and activity are reduced in PD patients, as well as in cell and animal PD models 31, [35] [36] [37] . In contrast, increasing ALP activity in rodent PD models by pharmacological treatment or by gene delivery can dramatically counteract neurodegeneration, thus suggesting new therapeutic strategies 31, 39 . In this context, it is noteworthy that a major dysfunction occurring as a result of Lmx1a/b ablation in differentiating and adult mDA neurons is a dramatic accumulation of autophagosomes and lysosomes in axonal terminals. Accumulation of electron-dense protein aggregates in mDA neuron cell bodies, decreased expression of lysosomal genes and fewer lipofuscin granules all point in a similar direction, suggesting that lysosomal dysfunction is a primary deficiency after Lmx1a/b ablation that may later lead to poor survival of mDA neurons, as suggested by previous studies 40 . Treatment with the mTOR inhibitor rapamycin normalized reduced striatal TH expression and decreased the size of abnormally enlarged mDA nerve terminals after Lmx1a/b ablation, thus providing additional evidence that a dysfunctional ALP is central to the pathology caused by Lmx1a/b ablation. Together our results suggest that an increase in ALVs in nerve terminals leads to a disruption of the presynaptic architecture and thus to impairment of the synaptic function of mDA neurons, reflected in behavioral abnormalities and defects in synaptic plasticity. Enhanced LTP in cLmx1a/b DatCre mice is likely to be associated with alterations in the homeostatic regulation of the hippocampal neural network-for example, coupled to the impaired ALP and intracellular transport functions. Increased synaptic potentiation can lead to dysfunction of fine-tuned processing of information in hippocampal circuits and ultimately result in cognitive dysfunction [41] [42] [43] . 
npg a r t I C l e S
On the basis of evidence from human postmortem studies, functional neuroimaging, genetic causes of disease and neurotoxin animal models, nigrostriatal degeneration in PD patients begins in striatal mDA nerve terminals rather than in substantia nigra cell bodies 32, 44 . ALP dysfunction also results in dystrophic axons and altered synaptic function, and it thus seems likely that disrupted ALP activity represents an early abnormality in PD 45 . This conclusion is consistent with the phenotype observed in the Lmx1a/b ablation model. Accordingly, when Lmx1a/b was disrupted early, in postmitotic embryonic mDA neurons, abnormal ALP function was observed along with a progressive cell loss and decreased striatal TH expression. In contrast, when Lmx1a/b was disrupted in adult mDA neurons by tamoxifen treatment, disrupted ALP occurred before decreased striatal TH expression and without any apparent cell loss, suggesting that the dysregulated ALP represents an early phase of dysfunction in these animals. Finally, both early and late Lmx1a/b ablation models show an abnormal social olfaction behavior, supporting the hypothesis that monoamine dysfunction may contribute to some PD non-motor symptoms 46 , including anosmia, which is of special relevance early in the disease 47 . Lmx1a/b ablation should therefore represent a useful model for investigating molecular mechanisms underlying early pathology in PD.
Finally, we also found that LMX1B was expressed in adult neuromelanin-positive neurons in the human ventral midbrain and, notably, that expression was decreased in these neurons from PD patients. Our data suggest that an ALP-related pathology may at least in part be a consequence of dysregulation at the level of disrupted transcription factor function. Disruption of ongoing LMX1B expression in PD could therefore contribute to a vicious cycle whereby further pathological changes occur as a result of transcriptional dysregulation. Our findings thus emphasize the importance of understanding the role of Lmx1a/b in postmitotic mDA neurons and the relevance to these factors to PD.
METHODS
Methods and any associated references are available in the online version of the paper. electron microscopy. Three-month-old mice (n = 3 per genotype) were perfused transcardially with 4% PFA and 0.1% glutaraldehyde (Merck) in DPBS (Gibco). Brains were dissected out and postfixed for 4 h at 4 °C in the same fixative, washed in DPBS and cut into 100-µm slices on a vibratome (Leica, Germany). Free-floating sections were blocked in 0.1% Triton X-100 and 10% donkey serum in PBS for 1 h at room temperature, incubated with primary antibody rabbit anti-TH (1:1,000; P40101-0 Pel-Freeze) in PBS and secondary donkey anti-rabbit antibodies conjugated to biotin (1:200; 711-065-152 Jackson ImmunoResearch Laboratories), and visualized using Vectastain ABC and DAB kits (Vector Laboratories). The sections were postfixed in 3% glutaraldehyde and in 1% osmium tetroxide in 0.1 M cacodylate buffer (pH 7.4), dehydrated in ethanol and embedded in Durcupan ACM resin (Fluka). In several experiments, sections were stained en bloc with 1% uranyl acetate in 70% ethanol. Serial ultrathin (70 or 100 nm) and semithin (2 µm) sections were cut with a diamond knife (Diatome). Ultrathin sections were collected onto formvar-coated copper grids, counterstained with 2% uranyl acetate and lead citrate, and examined in a Tecnai 12 electron microscope (FEI) equipped with a 2kx2k TemCam-F224HD camera (TVIPS). Complete series of up to 150 ultrathin sections were used to follow morphology of cells and synaptic terminals in three dimensions.
Stereological cell counting, optical densitometry analysis, colocalization analysis and quantifications in striatal nerve terminals and electron micrographs. The total number of TH-positive neurons in the ventral midbrain of 2-and 18-month-old mice (n = 6 animals per group) was assessed by unbiased stereological estimations using the optical fractionator method and using the image analysis computer software Stereo Investigator (version 1.8.1.1; MicroBrightField, Germany). Every sixth section covering the entire extent of the VTA and substantia nigra in one brain hemisphere was included in the counting procedure. TH-immunostained sections were counterstained with Nissl stain to allow counting of TH-negative neurons in the VTA and substantia nigra regions and estimation of the total number of neurons in those regions. The following sampling parameters were used: (1) a fixed counting frame with a width and length of 40 µm; (2) a sampling grid size of 180 × 134 µm. The counting frames were placed randomly at the intersections of the grid within the outlined structure of interest by the software. The cells in one hemisphere were counted following the unbiased sampling rule using the 100× lens and included in the measurement when they came into focus within the optical dissector. A coefficient of error of <0.10 was accepted.
Quantification of the immunoreactivity for TH, DAT and Bassoon in striatal regions (bregma + 1.34 to + 0.98) was achieved by means of optical densitometry using ImageJ software (NIH, USA). Pixel brightness was measured in one randomly selected brain hemisphere and values were corrected for nonspecific background staining by subtracting values obtained from the cortex. The Pearson correlation coefficient in double immunofluorescence stainings was calculated using the toolbox JACoP with ImageJ. Three pictures from the same striatal section level were taken for each animal (n = 3 animals per group).
Quantifications of density and size of striatal dopaminergic nerve terminals were performed on cryosections (30 µm thickness) immunostained for TH as described above. Three pictures from the same striatal section level were taken for each animal (n = 6 animals per group). The number of TH-immunopositive nerve terminals in each picture and the size of each terminal were obtained using ImageJ.
The number of substantia nigra cells that presented signs of neurodegeneration and the number of lipofuscin granules and electron-dense protein aggregates present in substantia nigra cells were counted in 70-90 cells on electron micrographs obtained from TH-immunostained midbrain vibratome sections from n = 2 animals per genotype. The number of synaptic vesicles in striatal dopaminergic nerve terminals was scored from five active zones in synapses bigger than 1 µm on electron micrographs obtained from TH-immunostained vibratome sections from two animals per genotype. An observer blind to the genotypes performed the measurements and quantifications.
Behavioral tests. Adult mice (6-7 months old; n = 9 cCtrl and n = 14 cDatCre; n = 14 cCtrl and n = 16 cERT2) and old mice (18 months old; n = 18 cCtrl and n = 18 cDatCre) were tested for exploratory locomotion behavior, posture control and coordination, olfaction, working memory, short-term memory, long-term memory and emotional behavior. A single cohort of randomized mice was tested at each age with a 6-d interval between behavioral tests. Mice were randomized according to genotype. All behavioral tests were performed during the light cycle by experimenters blind to the genotype. Mice were allowed to habituate to the experiment room for at least 1 h before each test. Arenas and behavioral equipment were cleaned with 70% ethanol after each test session to avoid olfactory cues. Mice were excluded from the analysis before data collection on the basis of extremely hyperactive behavior, lack of spontaneous exploration or poor health condition.
Open field. The test was performed for 5 min in a 46 cm × 46 cm arena illuminated with a 30 lux light. Video tracking was performed using a video camera mounted in the ceiling coupled to the software ANY-maze (Stoelting Co., Wooddale, IL, USA). Vertical activity (rearing), defined as the mouse rising on its hind legs, was scored manually.
Novel object recognition test. This test was performed as described previously 51 .
npg
Pole test. Mice were placed head-up on top of a vertical pole (diameter: 8 mm, height: 55 cm) and trained for 1 d to turn and descend the pole back into the cage. On the day of the test, animals performed 3 trials. The time to orient downward and the total time to turn and descend the pole were measured, with a maximum duration of 120 s.
Beam traversal test. This test was performed as previously described 52 .
Wooden block test. This olfactory discrimination test was conducted as previously described 53 .
Passive avoidance. The passive avoidance test was performed as described previously 51 .
T-maze. The spontaneous alternation protocol was adapted from ref. 54 . Each test begun with a forced trial followed by 14 choice trials. After each completed arm choice the mouse was placed back into the start arm and confined for 5 s before each new consecutive trial. One point was assigned for each choice arm alternation.
Elevated plus-maze test. The apparatus consisted of four arms elevated one meter above the ground, two with high walls and two that lacked walls. Each mouse was individually placed in the center of the apparatus and allowed to explore it for 5 min. The number of entries into the open and closed arms were measured using ANY-maze.
Sucrose consumption test. Preference for a 2% sucrose solution over water was tested as previously described 55 .
Forced-swim test. This is based on mice developing behavioral despair, measured as inactive floating after initial swimming or climbing, and was performed as previously described 56 . Each test session lasted for 6 min and was videotaped and analyzed with EthoVision XT 9.0 (Noldus, Wageningen, the Netherlands).
electrophysiology. Six-month-old mice (n = 5 per genotype) were anesthetized with isoflurane and their brains were rapidly removed into ice-cold oxygenated (95% O 2 and 5% CO 2 ) artificial cerebrospinal fluid solution (aCSF) that contained (in mM) 130 NaCl, 3.5 KCl, 1.25 NaH 2 PO 4 , 24 NaHCO 3 , 2 CaCl 2 , 1.5 MgCl 2 and 10 glucose, pH 7.4 (330 mOsm). Horizontal hippocampal slices (400 µm) were prepared and were incubated for at least 2 h in an interface chamber containing oxygenated aCSF. A single slice was then transferred to a submersion recording chamber, where it was continuously perfused (1.8-2.0 mL/min) with a modified aCSF (2 mM CaCl 2 , 1 mM MgCl 2 ) warmed to 31-32 °C. Field excitatory postsynaptic potentials (fEPSP) were recorded with an extracellular recording pipette (filled with regular aCSF) positioned in the stratum radiatum of the CA1 area. fEPSP were evoked by stimulating Schaffer collateral-commissural (SCC) axons with a bipolar concentric electrode (FHC, Bowdoin, ME, USA) placed in the CA1 stratum radiatum. The stimulus intensity was set to ~60% of the intensity that triggered population spikes and was determined empirically for each slice. Before LTP induction, we determined stimulus/response curves using a range of stimulus intensities (8-25 µA) and examined paired-pulse facilitation, consisting of pairs of homosynaptic stimuli separated by a short interval (25-750 ms) . For LTP experiments, stimuli were applied every 60 s for at least 25 min (baseline period) and LTP was induced using three trains of highfrequency stimulation (100 pulses at 100 Hz applied at 20-s intervals). Data were normalized with respect to the mean values of fEPSP slope recorded during the last 25 min of the baseline period.
determination of monoamines and their metabolites. Nine-month-old cLmx1a/b Ctrl (n = 10) and cLmx1a/b DatCre (n = 13) mice, cLmx1a/b Ctrl (n = 9) and cLmx1a/b DatCreERT2 (n = 10) mice 9 months after TAM treatment, 16-to 20-month-old cLmx1a Ctrl (n = 10) and cLmx1a DatCre (n = 10) mice, and 20-month-old cLmx1b Ctrl (n = 10) and cLmx1b DatCre (n = 10) mice were sacrificed by decapitation and brains rapidly removed and frozen in dry ice-cooled isopentane. Mice were subject to behavioral testing before sacrifice. Regions of interest were then collected using a tissue punch, weighted and kept at −80 °C until further processed. Dissected brain tissue samples (1-10 mg) were mixed at a ratio of 1:10 (w/v) with 0.2 M perchloric acid including 100 µM disodium EDTA and homogenized at 0 °C in a glass-pestle microhomogenizer. After standing for 10 min on ice, the homogenates were centrifuged for 15 min at 3,000g at 4 °C. The supernatants were carefully aspirated and mixed with 0.4 M sodium acetate buffer, pH 3, at a ratio 1:2 (v/v) and filtered through a 0.22-µm centrifugal filter for 4 min at 14,000g at 4 °C. The filtrates were stored at −80 °C before high-performance liquid chromatography (HPLC) analysis. The monoamine DA and its acidic metabolites DOPAC and HVA were determined by HPLC with electrochemical detection as described 57 . The data were recorded and integrated using a computerized data acquisition system (DataApex, Prague, Czech Republic). The limit of detection (defined as signal-to-noise ratio > 2) was 10 fmol/10 µl for each of the three monoamines.
Analysis of protein expression by western blot. Animals (n = 4 or 5 per group) were sacrificed and brains were rapidly removed and snap-frozen on dry icecooled isopentane. Regions of interest were collected using a tissue punch and whole cell extracts were prepared in sodium dodecyl sulfate (SDS) buffer (25 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1% SDS, 10 mM sodium pyrophosphate, 20 mM β-glycerol phosphate, 2 mM sodium orthovanadate and a protease inhibitor cocktail (Roche Applied Science)). Protein concentration was determined using the BCA Protein Assay Kit (Thermo Scientific). 20-30 µg of protein were resolved by SDS-PAGE and transferred onto a nitrocellulose membrane (Invitrogen). Membranes were blocked for 1 h at room temperature in 10% skim milk in TBS plus 0.1% Tween-20 solution (TBS-T) and incubated overnight at 4 °C with the corresponding primary antibody diluted in 5% skimmed milk in TBS-T, except when using antibodies to phosphorylated proteins, in which case BSA replaced skim milk for both blocking and antibody incubation. Primary antibodies: rabbit anti beclin-1 (1:2,000, NB-500-249 Novus Biologicals), rabbit anti-p62 (1:1,000, P0067 Sigma), rabbit anti-LC3BI-II (1:2,000, NB100-2220 Novus Biologicals), rabbit anti-Lamp1 (1:1,000, ab24170 Abcam), rabbit antiLamp2 (1:1,000, ab37024 Abcam), rabbit anti-cathepsin D (1:500, NBP1-42046 Novus Biologicals), rabbit anti-phospho-mTOR Ser2448 (1:1,000, 2971S Cell Signaling), rabbit anti-mTOR (1:1,000, 2983P Cell Signaling) and rabbit anti-actin (1:5,000, A2066 Sigma). After washing with TBS-T, membranes were incubated for 40 min at room temperature with a goat anti-rabbit IgG conjugated to horseradish peroxidase (1:10,000; 31460 Thermo Scientific) diluted in 0.5% skim milk in TBS-T. Detection was by enhanced chemiluminescence with Amersham ECL western blotting detection reagents (GE Healthcare). Chemiluminescence was determined with an Image Quant LAS-4000Mini image analyzer (GE Healthcare -Fuji Photo Film). Band intensities were quantified by densitometry using Image Quant TL software (GE Healthcare, UK). An observer blind to the genotypes performed the quantifications.
Primary ventral mesencephalic cultures and lentiviral transductions. Ventral mesencephalic cells were obtained from timed-mating embryos at E13.5 as previously described 58 . Briefly, after determining cell viability using the trypan blue dye exclusion assay (Sigma), cells were seeded at a density of 100,000 cells per well in 96-well plates on polyornithine (Sigma)-and laminin (Sigma)-coated multiwell plates. The freshly prepared cell suspensions were cultured in adhesion medium consisting of 1:1 DMEM/F12 medium (Gibco) and Neurobasal medium (Gibco), 3% FCS (PAA), 20 ng/ml fibroblast growth factor-2 (Preprotech), 1× B27 (Gibco), 1× N2 (Gibco), 1 mM sodium pyruvate, 0.25% (wt/vol) bovine serum albumin (BSA, Sigma) and 2 mM glutamine (Gibco). After 24 h, the adhesion medium was replaced with differentiation medium containing 1:1 DMEM/F12 and Neurobasal media, 0.25% (w/v) BSA, 1× B27, 1× N2, 1% FCS, 100 µM ascorbic acid (SigmaAldrich), 2 mM glutamine, 20 ng/ml recombinant human BDNF (R&D Systems) and 10 ng/ml recombinant human GDNF (R&D Systems).
Lentiviral MISSION shRNAs were purchased from Sigma-Aldrich (Lmx1b shRNAs: TRCN0000070594 and TRCN0000070593). The lentiviral expression vector pRRL SIN.cPPT.PGK-GFP.WPRE was purchased from Addgene (USA). The lentiviral RFP vector (pLenty-III-RenLuc-RFP) was purchased from Abmgood (Richmond, CA). The mouse Lmx1b cDNA (IMAGE clone 40129984) and mouse Lmx1a cDNA (IMAGE clone 40048180) were purchased from Source Bioscience (UK) and cloned into the pRRL SIN vector downstream the PGK promoter after removal of the GFP cDNA. In-house lentiviral production was done as described 59 . Adherent primary cultures were transduced with the virus (MOI = 10) 24 h after seeding in differentiation medium. Cells were infected with virus over a period of 48 h and analyzed 6 d after infection for immunofluorescence and RT-qPCR.
For immunofluorescence analysis, cells were fixed in 4% PFA 15 min at room temperature, incubated for 1 h at room temperature in blocking solution (10% normal donkey serum and 0.3% Triton X-100 in PBS) and incubated overnight npg at 4 °C with the corresponding antibodies: mouse anti-TH (1:500; MAB318 Millipore), rabbit anti-Lmx1a (1:4,000; AB10533 Millipore) and guinea pig anti-Lmx1b (1:6,000) 14 . Pictures were taken with an epifluorescence microscope (AxioImager.M1; Zeiss, Germany) equipped with a LSM 5 Exciter camera (Zeiss, Germany).
RnA extraction and gene expression analysis by RT-qPcR. Total RNA was extracted from primary ventral midbrain cultures using RNeasy Micro Kit (Qiagen) from two independent wells and three independent experiments per condition (each experiment corresponding to embryos obtained from one litter). Ventral midbrain was dissected from timed mated cLmx1a/b DatCre mice at embryonic stage E14.5 and immediately snap frozen on dry ice (at least n = 4 embryos per genotype). Adult animals (n = 5 per group) were sacrificed and brains rapidly removed and snap-frozen with dry ice-cooled isopentane. Regions of interest were collected using a tissue punch. Total RNA from mouse tissue was isolated using Trizol reagent (Ambion) according to the supplier's recommendations. RNA concentration was determined using the NanoDrop assay (Thermo Scientific) and RNA integrity was assessed by running the samples on an Agilent RNA 6000 Nano chip on an Agilent 2100 BioAnalyzer (Agilent Technologies). One microgram of RNA was used for reverse transcription with oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers (Invitrogen) and SuperScriptIII reverse transcriptase (Invitrogen). A complete list of the Taqman gene expression assays (Applied Biosystems) is provided in Supplementary Table 2 . Quantitative real-time PCR was performed with Taqman Gene Expression Master Mix (Applied Biosystems) using standard procedures. Fold change was calculated with the ∆∆Ct-method and normalized to Rpl19 gene expression.
Study of human postmortem tissue.
Midbrain free-floating cryosections (50 µm) from PD patients (n = 3) and age-matched control individuals without any reported neurodegenerative disease (n = 3) were provided by the Banner Sun Health Research Institute Brain and Body Donation Program of Sun City, Arizona, USA 60 , where all human subjects donate after signed informed written consent (Western Institutional Review Committee (WIRB), Seattle, Washington). For histological analysis, antigen retrieval was performed by a 20-min incubation in Target Retrieval Solution (DAKO) followed by incubation in formic acid for 3 min. Endogenous peroxidases were blocked for 20 min in a solution of 1% H 2 O 2 in PBS, followed by preincubation for 1 h in blocking solution containing 10% normal donkey serum and 0.3% Triton X-100 in PBS. Rabbit polyclonal primary antibodies against human LMX1B (1:100, AP8935c Abgent) and against human LMX1A (1:200, HPA030088 Sigma) were diluted in blocking solution and applied for 48 h at 4 °C. After rinses with PBS, biotinylated secondary donkey anti-rabbit antibody (1:200; 711-065-152 Jackson ImmunoResearch Laboratories) diluted in blocking solution was applied for 1-2 h at room temperature. Biotinylated secondary antibody was followed by incubation with streptavidin-horseradish peroxidase complex (ABC kit, Vector Laboratories) for 1 h and subsequent exposure to the blue substrate VSG (Vector Laboratories) to visualize the immunostaining. Identification of dopamine neurons was ascertained by the visualization of neuromelanin pigments. Quantification of the immunoreactivity for LMX1B in neuromelanin-positive cells was achieved by means of optical densitometry using ImageJ. Pixel brightness was measured in all individual neuromelanin-positive cells of four randomly selected images, and the measured values were corrected for nonspecific background staining by subtracting values obtained from the neuropil in the same images.
Statistical analysis. Statistical comparisons were performed using GraphPad Prism Software (San Diego, CA) with a non-parametric two-tailed MannWhitney test, parametric two-tailed unpaired t-test, one-sample two-tailed t-test or two-way ANOVA followed by Bonferroni multiple comparisons test, as indicated in the figure legends. Tests were two-sided. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in previous publications 5, 16 . In all experiments in which a small number of mice/samples were compared (2-7 mice per genotype or 6 primary cell culture preparations per condition), a nonparametric Mann-Whitney test was used because a Gaussian distribution could not be assumed considering sample size. Unpaired parametric t-tests were used only for behavior experiments where a larger number of animals were used (9-18 mice per genotype) and normality was formally tested with an F test to compare variances. A one-sample t-test was used when comparing the mean value with a hypothetical value (in the novel object recognition test, the value for the control group was equal to zero, so the mean was compared to an hypothetical mean value of 0). A two-way ANOVA was used in the passive avoidance test, where the response was affected by two factors. All data are expressed as the mean ± s.e.m., and error bars represent sem. Differences were considered significant at # P ≤ 0.05, *P < 0.05; **P < 0.005, ***P < 0.0005.
A Supplementary methods checklist is available.
